Cardiac resynchronization therapy (CRT) has proven efficacious in reducing or even eliminating cardiac dyssynchrony and thus improving heart failure symptoms. However, quantification of mechanical dyssynchrony is still difficult and identification of CRT candidates is currently based just on the morphology and width of the QRS complex. As standard 12-lead ECG brings only 
Introduction
Healthy myocardium is activated by high-velocity depolarization waveform that propagates through the conducting system of the heart, resulting in synchronized depolarization of the ventricles. The heart failure (HF) is known to be associated with electrical and conduction abnormalities. Altered velocity and uniformity of depolarization waveform propagation causes delayed electrical activation of some ventricular areas. The product of significantly impaired conduction velocity can be electrical dyssynchrony of the ventricles manifesting as lengthening of the QRS complex and Vol. 66 change of its morphology on the surface electrocardiogram. Due to electromechanical coupling, delayed ventricular electrical activation (typically of left bundle branch block morphology) is often associated with corresponding mechanical dyssynchrony. One consequence of long-standing cardiac dyssynchrony is a pathological process known as myocardial remodeling which manifests clinically as left ventricle (LV) dilatation, worsening of the LV systolic and diastolic function, and progressive HF (Jaffe and Morin 2014). Importantly, it was shown that a direct relationship exists between QRS duration and reduced LV ejection fraction (Shenkman et al. 2002) .
Pacemaker-based treatment termed cardiac resynchronization therapy (CRT) was developed to restore more coordinated activation pattern of the heart. Despite modifying primarily electrical dyssynchrony, CRT is able to correct mechanical asynchrony as well, thus improving heart failure symptoms and inducing reverse remodeling leading to reduced mortality and hospitalization rate in patients with advanced HF.
Although the goal of CRT is to ensure more coordinated contraction pattern, our current possibilities to detect and quantify mechanical dyssynchrony in CRT candidates are still only limited. Therefore we presume that presence and degree of mechanical dyssynchrony correspond with the severity of electrical asynchrony that is reflected in the altered morphology and duration of the QRS complex which can be easily detectable on a surface ECG. However, the QRS width reflects rather a total duration of ventricular activation and doesn´t provide information about the space and temporal characteristics of the ventricular activation pattern (Fauchier et al. 2002) . With regard to QRS morphology, CRT is very effective in patients with left bundle-branch block (LBBB) pattern where the region of late activation (although being interindividually variable) is usually located in the basal segments of the LV lateral wall. These segments are highly overloaded as the contractile dyssynchrony resulting from electrical dyssynchrony generates marked regional heterogeneity of myocardial work, with the early stimulated region having reduced load and territories of late activation exhibiting higher load (Kirk and Kass 2013) . However, standard 12-lead ECG brings only limited information about the pattern of ventricular activation. Therefore, we decided to study changes produced by different pacing modes on the body surface potential maps (BSPM) as a noninvasive tool that brings more detail information with this regard. Accordingly, the aims of the present study were: 1) to evaluate the effect of CRT on surface electrocardiographic findings and 2) to study the impact of CRT on the locations of the early and late activated regions of the heart during BSPM.
Methods and pacients
Electrocardiographic recordings were obtained from 12 patients (7 women, 5 men, age 61.5±6.1 years) who underwent implantation of CRT pacemaker/ defibrillator in accordance with current guidelines ESC Guidelines 2013 , i.e. symptomatic HF in New York Heart Association (NYHA) functional class II to IV despite adequate medical treatment, left ventricular ejection fraction ≤35 %, sinus rhythm, PR duration ≥150 ms, intraventricular conduction disturbance with QRS duration ≥120 ms in LBBB type or ≥150 ms in nonLBBB type (all 12 CRT recipients in our study presented with LBBB, however). Three modalities of CRT pacing with a sensed AV delay between 100-120 ms were used: biventricular pacing, single left ventricular pacing and single right ventricular pacing. 8 patients (67 %) were responders, 4 patients (33 %) were non-responders.
To compare findings in CRT recipients with those observed in normal healthy subject, the same electrocardiographic recordings were obtained during spontaneous rhythm from the control group containing 12 healthy volunteers (6 women, 6 men, age 48.9±12.3). A healthy person was defined for the purposes of this project according to the following findings and data: a negative cardiologic family and personal history, a normal arterial blood pressure, normal glycaemia, cholesterolaemia, ECG, non-smoker, normal body weight, a negative neurological, psychiatric and endocrinological personal history and no cardioactive medication.
The examination was performed using standard conditions; electrocardiographic and body surface potential mapping (BSPM) recordings were obtained simultaneously using the BioSemi device. Two minutes (8-12 beats) were recorded during spontaneous rhythm in both CRT recipients and healthy controls. In addition, ECG and BSPM were recorded in three different pacing modes in the CRT group after appropriate reprogramming of the device: simultaneous biventricular pacing (BVP), single-site left-ventricular pacing (LVP) and single-site right-ventricular pacing (RVP) with the same AV delay.
Following parameters were evaluated: the longest QRS complex duration (QRS) detected in any BSPM lead, the shortest and the longest activation time (ATmin and ATmax), dispersion of the QT interval (QTd) and locations of the ATmin and ATmax. Activation time (AT) was measured between the beginning of ventricular depolarization and the R wave in the individual chest leads. ATmax is the longest and ATmin the shortest AT interval detected in any BSPM lead. For evaluating the QTd, the QT interval was measured by 123 unipolar chest leads used for BSPM. The QT interval was measured from the start of the Q wave to the end of the T wave, QTd was then defined as the difference between the maximal and minimal QT interval in any of the leads measured.
The parameters were labeled manually using a graphic system developed for this purpose in Matlab 8.0 programming environment. A section of the recording with constant R-R intervals and morphology was selected, from which the annotating electrophysiologist chose one beat. Parameters for all the leads were labeled from this one beat. Before labelling, signals were preprocessed using standard filtration (0.67 Hz highpass and 45 Hz lowpass FIR filters, 50 Hz notch filter and DC offset removal).
Statistical comparison was performed using the nonparametric Mann-Whitney test.
Results
The findings are summarized in Figure 1 Regarding the locations of the early and late activated regions of the heart, both LVP and particularly BVP were associated with their distribution that resembled findings in healthy controls. The effect of BVP is summarized in Figure 2 . In HF patients the late activation site (ATmax) during spontaneous rhythm was located in a left upper precordium (representing the anterobasal portion of the left ventricular surface) and after LVP or BVP stimulation it shifted to a lower back part of the chest (i.e. to a surface of the posterior wall). The location of the early activation (ATmin) during spontaneous rhythm was in a right lower back part of the chest in the CRT group (i.e. a surface of the right ventricular wall) and by pacing it shifted to the left lower precordium (i.e. a surface of the anterior wall close to the apex). The RVP was not able to shift the early and late activated regions to the normal distribution.
Discussion
The present study demonstrated that in HF patients with electrical dyssynchrony, CRT may induce significant improvement of the tested parameters. However, one must be cautious with extrapolation that observed electrical resynchronization led to similar mechanical resynchronization. It applies in particular to the shortening of the QRS complex. Although the duration of QRS complex is used as a measure of particularly left ventricular dyssynchrony to select patients for CRT (Dickstein et al. 2010) , it was shown poor correlation between the QRS width and the mechanical dyssynchrony exists (Auger et al. 2012 , Bleeker et al. 2004 . With regard to morphology of the QRS complex, Zareba et al. (2011) have shown that the patients with LBBB exhibit a greater clinical benefit from CRT compared with patients with other QRS complex morphologies. Since there were no nonLBBB patients included in our study so far, we could not compare how patients with LBBB versus nonLBBB pattern differ in the tested parameters.
Clearer is the interpretation of activation time, particularly the ATmax. Sweeney et al. (2010) showed that patients with shorter LV activation time delays (≤80 ms) had a 51 % response rate to CRT compared C -spontaneous rhythm in control group (healthy subjects), S -spontaneous rhythm in CRT recipients; pacing modes tested in CRT recipients (significant differences from S are labeled by stars): RVP -right ventricular pacing, LVP -left ventricular pacing, BVP -biventricular pacing. Fig. 2 . Distribution of the longest activation times during spontaneous rhythm in CRT recipients (left upper scheme) and its shift after CRT (left middle scheme). Distribution of the shortest activation times during spontaneous rhythm (right upper scheme) in CRT recipients and its shift after CRT (right middle scheme). Lower schemes represent distribution of the longest activation times (left) and the shortest activation times (right) in healthy controls. Dashed area on the chest surface comprises locations where the activation times were detected, black area on the ventricles surface represents the locations of activation times that correspond to the detected areas on the body surface. Front chest surface is on the left, the back one is on the right. with 73 % response in patients with larger LV activation time delays (≥125 ms). These differences in LV activation time delays may result in different LV mechanical activation patterns that determine a different response to CRT (Auger et al. 2012) . Therefore, it seems that ATmax could be better marker of the CRT effect than the QRS duration although this hypothesis has to be tested in a larger study yet. Similarly, the location of the region with activation time Moreover, a big advantage of activation time measurement is that this parameter is not sex-related. On the other hand its crucial disadvantage is that it depends on the age: it was proved that activation times are longer in older hearts (Waldeyer et al. 2009 ).
More complicated is the question of QTd predictive value. Our decision to use a greater number of leads for the determination of the QTd helps to determine it more accurately than an assessment with only 12 or even 6 precordial leads. The use of a low number of leads was undoubtedly the main cause of the repeatedly suggested poor reproducibility (Kautzner et al. 1994) . Measurements performed in the present study indicate that electrical dyssynchrony can cause an increase in the QTd. These findings are in agreement with those from our previous studies (Lechmanova et al. 2002 , Kittnar et al. 2004 , from which we concluded that QTd can reflect not only an increased risk of serious arrhythmias, but that the increased QTd is just a non-specific sign of a changed course of repolarization. Thus it could be concluded that this parameter can be used just as a measure of an effect of any intervention on the myocardium, what is undoubtedly the case of the present study.
CRT represents a major advance in HF therapy. Contemporarily, it is the only clinical treatment that can both acutely and chronically modify electrical activation pattern of the ventricles thus changing systolic function (Kirk and Kass 2013) . Better effect of LVP and particularly of BVP in comparison to RVP is not very surprising (Jaffe and Morin 2014). However, LVP and BVP show similarly favorable outcome. Although our study deals only with immediate effect of different pacing modalities and does not reflect long-term impact of BVP and LVP, we have a strong evidence that LVP provides positive and comparable effect as BVP. This was demonstrated in the original acute hemodynamic studies, but also during longer-term follow-up. Both subjective and objective improvement may be visible as early as in the first 3 months of BVP or LVP. Both pacing strategies are also capable to induce reverse remodeling. It is believed (and data from electroanatomical mapping supports these conclusions) that similar effect of LVP and BVP can be attributed to the fusion between LV pacinginduced activation wavefront and conduction over the native conduction system. Although LVP seems to be comparable to BVP, most of the CRT recipients are simultaneously at higher risk of sudden cardiac death. Thus implantation of defibrillation RV lead is usually performed due to this indication in most patients and BVP mode of pacing is thus used preferably in clinical practice.
The locations of the early and late activated regions of the heart after BVP stimulation could be a little bit surprising particularly in comparison with usual CARTO findings. From that point of view it is necessary to emphasize that our results are derived from a complex electrical heart field that is more complicated than endocardial distribution of electrical potentials illustrated by the CARTO method.
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